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ABSTRACT 
Open-cell AlSi7Mg (45ppi) foam was employed as trabecular bone substitute and used to interdigitate 
with acrylic bone cement to form foam-cement interface samples. The interfacial mechanical performance of 
such bone-cement models was investigated under tension, mixed-mode, shear and step-wise compression 
loading conditions using experimental protocols reported in Wang et al. [1] and Tozzi et al. [2]. For the step-
wise compression, Image-Guided Failure Assessment (IGFA) of the foam-cement interface was carried out to 
monitor the microdamage evolution with load. Finite element (FE) models were also built from µCT images of 
the samples in order to predict the foam-cement behaviour and interfacial damage. The results show that the 
foam-cement mechanical responses under tension (0), shear (90) and mixed-mode (22.5; 45; 67.5) loading 
conditions are broadly similar to those obtained from bone-cement interface samples under the same loading 
conditions, with the exception of compression where the response from the foam-cement interface is much 
lower than that of bone-cement interface.  
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1 Introduction 
It is widely accepted that the lasting integrity of the bone-cement interface is essential to the success 
and longevity of cemented hip replacements [3, 4]. A number of studies have been carried out on bone-cement 
interface under tensile [1, 5], shear [1, 6] and mixed-mode [1, 7] loading conditions. Recently, novel 
experimental techniques, such as Digital Image Correlation (DIC) and Image-Guided Failure Assessment 
(IGFA), have been employed to investigate the micromechanical behaviour and the local deformation and 
microdamage evolution of bone-cement interface in tension [8], tension-compression [9], shear fatigue [10], 
multi-axial [11] and step-wise compression [2] loading conditions.   
Most of the works cited are based on human cadaver or bovine bones to interface with cement. 
Although these are close to clinical conditions and are often preferred choices, the repeatability of the 
experiments is generally poor due to the large variation in the mechanical properties of cancellous bone 
dependent of anatomic site and age [12-16]. For this reason it is desirable to employ analogous bone models 
with prescribed morphological and mechanical properties to mimic biological tissues, in order to remove some 
of the inherent uncertainties for biomechanical research purposes.  
Synthetic bone analogue materials are often used as a substrate for testing and evaluation of cementing 
techniques. Open-cell reticulated carbon foams were used as trabecular bone analogous to examine the 
difference in cement penetration and distribution with different viscosities for resurfacing arthroplasty [17]. 
More recently, the same foam materials were also used to obtain real-time measurements of cement pressure and 
temperature related to a range of cementing techniques and conditions [18]. Open-cell rigid polyurethane foam 
was used by Zhao et al. [19] to simulate the bone-cement micromechanics at trabecular level in order to develop 
a novel methodology that could be used for specimen-specific FE models of bone–cement composites, allowing 
the mechanical behaviour at the interface to be examined in more detail.  
In our previous work, mechanical testing and morphological analysis using μCT and finite element 
(FE) modelling were carried out to characterise three selected open-cell metallic foams (AlSi7Mg (30ppi & 
45ppi); CuSn12Ni2 (30ppi)), and their apparent mechanical properties, morphology and local damage 
progression were compared with those obtained from bovine trabecular bone [20]. A step forward in the 
characterisation of such open-cell foams for cemented arthroplasty simulation is to examine the mechanical 
performance of the foam-cement system under complex loading conditions relevant to physiological load cases, 
so that a more comprehensive mechanical characterisation of the foam-cement interface may be developed 
towards using such analogous materials as bone substitutes for biomechanical studies. 
In the current study an open-cell AlSi7Mg (45ppi) foam was selected as an analogous model for its 
resemblance to bovine trabecular bones [20] in morphology. Foam-cement coupons were produced, similarly to 
the bovine trabecular bone-cement samples studied before [1]. The foam-cement composites were mechanically 
tested under tensile, shear, mixed-mode and step-wise compression loading conditions, using the experimental 
protocols for bone-cement interface characterisation [1, 2]. FE simulations were performed on a typical foam-
cement model under compression, tension and shear loading conditions. The predicted apparent behaviour and 
the simulated local interfacial damage were compared with the correspondent values obtained from the bone-
cement specimens.  
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2 Methods 
2.1 Specimens  
The open-cell AlSi7Mg (45ppi) foam material (m-pore GmbH) was used for this study, which has a 
volume fraction (FV/TV) of 0.16±0.008 [20]. Foam strips were used to interdigitate with acrylic bone cement 
(Simplex P, Stryker, UK) to create foam-cement interface coupons, following the same procedure reported by 
Wang et al. [1] for bone-cement preparation. Rectangular foam-cement samples were machined to the same size 
of the bone-cement [1, 2], as shown in Fig.1a, using a low speed diamond saw with constant mineral oil 
irrigation to avoid abnormal high temperature with a potential for local melting of the metal.  
2.2 Tensile, shear and mixed-mode testing 
The loading device used in Wang et al. (2010) for bone-cement interface testing was adopted to allow 
tensile (=0), shear (=90) and selected mixed-mode (=22.5; 45; 67.5) loads to be applied (Fig.1b) on the 
foam-cement composites. A servo-hydraulic testing machine (MTS 810) was used for the experiments and all 
the tests were conducted in air at room temperature. The foam-cement specimens were fixed in custom grips at 
prescribed loading angles and loaded to complete failure under displacement control at a rate of 0.01 mm/s. The 
relative opening displacements were read directly from the LVDT of the machine, while the sliding 
displacements were measured by means of an extensometer (Sandler EXA 15-5). The vector sums of the total 
displacements were calculated and used to plot against the loads, recorded by a 2 kN load-cell (ME System).  A 
total of 10 samples were tested at the 5 selected loading angles (0, 22.5; 45; 67.5 and 90).  
2.2 Step-wise compression testing 
Step-wise compression testing of the samples (n=5) was performed using a micromechanical loading 
stage (Deben Ltd, UK) in combination with time-lapsed µCT imaging (Fig.1c). The samples were first glued 
onto the lower compressive platen, whilst a small preload was applied through the top platen connected to the 
actuator to ensure a good end contact.  Full details of the experimental apparatus and procedures were reported 
in Tozzi et al. [2]. 
The specimens underwent µCT analysis (CT X-Ray Inspection System, X-Tek Systems Ltd) prior to 
testing and a complete data acquisition was performed (V=60 kV, I=140 μA, voxel size=20 μm, rotational 
step=0.19°/360°, acquisition time=90 min). The 3D reconstruction of the samples was obtained using VG 
StudioMax 2.0 software (Volume Grapics, GmbH).  
The specimens were step-wise compressed at the two selected displacements [2] corresponding 
approximately to the ultimate apparent strength and just before the final failure, respectively. At each 
displacement step a relaxation time of about 15 mins was allowed before CT imaging and data acquisition 
procedure were carried out. All tests were conducted under displacement control at a constant cross head speed 
of 0.01 mm/s.  
2.2 Finite Element Modelling 
CT images of the region of interest of a typical foam-cement specimen were imported into Avizo 6.3 
(Visualization Sciences Group, Mérignac, France) for FE model generation, in which the foam and cement 
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structures were modelled individually based on the threshold values. Before meshing, the cement volume was 
shrunk by one voxel (20 µm) to ensure a good apposition of the two constituents. The generated foam-cement 
composite model consists of 1,740,135 four-node tetrahedral elements and 379,637 nodes (Fig. 2a). The detailed 
process of three-dimensional reconstruction and FE mesh generation of the foam-cement interface model 
followed a protocol reported elsewhere [21]. The bone-cement interface model (BC01) used in Zhang et al. [21] 
is shown here for comparison (Fig.2b). 
The AlSi7Mg alloy and cement were both assumed as isotropic bi-linear elastic-plastic material. The 
elastic modulus, Poisson's ratio and yield stress of cement were assumed as 3 GPa, 0.33 and 40 MPa, 
respectively [22], while the corresponding values for AlSi7Mg alloy were assumed to be 70 GPa, 0.3 and 150 
MPa, respectively [20]. The interaction between the surface of the foam and that of the cement was modelled as 
surface-to-surface finite sliding contact, with a friction coefficient of 0.4. 
All the simulations of the foam-cement interface model were performed on the FE solver ABAQUS 
6.10 (Dassault Systèmes, RI, USA), using large deformation to account for geometrical nonlinearity. The 
loading and boundary conditions were applied to the model in an attempt to mimic those in the experiments. For 
the simulation of compression and tension, the bottom surface of the cement was fully constrained in all degrees 
of freedom while a uniaxial displacement, in compression and tension, respectively, was applied incrementally 
to the top surface of foam up to 0.3 mm. To mimic the shear test condition, two additional rigid plates were tied 
to the two opposite sides of the foam-cement model, as shown in Fig. 2a. The rigid plates were positioned such 
that the bottom edge of the upper plate and the top edge of the lower plate were contained in the same transverse 
plane of the model. The lower plate was fully constrained while a horizontal displacement of 0.3 mm was 
applied to the upper plate to generate shear loading. The same conditions were also applied to the bone-cement 
model (Fig. 2b). The predicted apparent stress-displacement curves of the models were then compared against 
the obtained experimental results. In addition, the predicted von Mises stress distributions of the two interface 
models were compared also.  
3 Results 
The mean apparent interfacial strength for the foam-cement interface compares well with that of the 
bone-cement interface reported by Wang et al. [1] under the tension (0), shear (90) and mixed-mode (22.5; 
45; 67.5) loading conditions (Fig. 3). Specifically the foam-cement behaviour seems to be similar to that of 
bone-cement responses under tension and mixed-mode, with the mechanical response increasing with the 
increase of the loading angle and reaching the maximum under shear loading in both cases. The average 
apparent strength for the foam-cement samples ranges from 0.53 MPa in tension to 5.34 MPa in shear, 
compared with 1.48±0.85 MPa and 4.09±3.66 MPa for the bone-cement interface under tensile and shear 
loading conditions, respectively [1]. 
The FE predicted apparent stress-displacement responses of the foam-cement and bone-cement models 
are compared with those obtained experimentally for tension (Fig. 4a) and shear (Fig. 4b) loading conditions. 
The models seem to have captured the essence of the experimental responses, although not all the details. At a 
displacement of 0.3 mm, the calculated interfacial shear stresses of the foam-cement and bone-cement models 
were 3.8 and 3.0 times higher than their corresponding values under tension, respectively (Fig. 4). Whilst the FE 
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for the bone-cement case appeared to be in a broad agreement with the experimental data, the foam-cement 
predictions (Fig. 4a & b) resulted in an overestimation of the mean experimental stiffness for tensile and in 
particular for shear.  
Fig. 5 (I & II) presents some of the progressive microdamage during the step-wise compression in 
representative 3D sub-volumes for both foam-cement and bone-cement composites. The IGFA analysis for all 
the foam-cement interface samples (n=5) showed similar patterns where the predominant deformation was 
found to initiate in the foam region, whilst the cement region appeared to be unaffected even at the final failure 
stage, as shown in Fig. 5(I). Also, for the foam-cement case, virtually no load transfer occurred at the interface, 
as opposed to the bone-cement case (Fig. 5(II) [2]). In the latter case the main load transfer occurred in the first 
contact region of the bone-cement interface, resulting in progressive microdamage including bending and 
buckling of trabeculae adjacent to the interdigitated region. In the foam-cement samples, strut bending and 
buckling were observed in the foam body rather than near or at the foam-cement interface (Fig. 5(I)).  
The stress-displacement responses of the five foam-cement samples tested under compression are 
shown in Fig. 6a, together with the FE simulated response. Due to viscoelasticity some stress relaxation 
occurred during the hold period while the imaging was carried out, resulting in discontinuities in the stress-
displacement curves. The ultimate apparent compressive strength for the five samples was estimated as 
0.90±0.05 MPa. The predicted stress-displacement behaviour compares reasonably well in terms of simulated 
stiffness with the experimental data, with the prediction slightly overestimating the experimental corridor 
formed by the responses from the five specimens. For comparison the bone-cement interfaces tested under the 
same loading conditions are shown in Fig. 6b, and the ultimate apparent compressive strength for the five 
samples was estimated as 4.93±1.10 MPa [2], differing considerably from that of foam-cement response.  
Although FE predictions capture the elastic modulus reasonably well, the prediction overestimated the ultimate 
compressive strength for foam-cement samples, whilst underestimated the ultimate compressive strength for 
bone-cement samples.  
Fig.7 shows the von Mises stress distribution in the foam/bone and cement of the two types of 
specimen models under (a) compression, (b) tension and (c) shear when a displacement of 0.3 mm was applied 
to the models. Similarly to the bone-cement case, the foam region sustained most of the load under tension and 
compression, with the foam body sustaining almost the entire load outside the interdigitated region, as opposed 
to shared between the bone and the bone-cement interdigitated region. For the foam-cement model, only the top 
contact surface with the cement carried some loads, with localised stress concentrations confined to the contact 
surface and little evidence of load transfer to the cement. As a result, the foam-cement interface seemed to be far 
less efficient than bone-cement interface in load transfer under tension and compression. Under shear loading 
condition, the two models showed similar stress distribution patterns where the highly stressed elements appear 
to be more influenced by the loading mode than by the material characteristics.  
4 Discussion 
In the current study, the apparent mechanical behaviour and local micro-damage of an AlSi7Mg foam-
cement interface were examined under selected loading conditions to explore the performance of such open-cell 
foam materials as potential substitutes for trabecular bone in cement fixation studies. Under tension and shear, 
the experimental stress-displacement curves (Fig. 4) exhibit similar characteristics, with an initial linear 
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behaviour followed by non-linear hardening to reach peak load, then by substantial strain softening until 
complete debonding of the interface. Although only two foam-cement samples were tested for each loading 
condition, no significant variation is found in the results, with the only exception for the shear case (90) as 
shown in Fig. 4b. This is consistent with that reported in Wang et al. [1] for the bone-cement interface, where 
the highest interfacial strength and scatter (4.09±3.66 MPa) is also found in shear, as opposed to the mixed 
mode and tension (1.48±0.85 MPa). Although the interfacial strength in foam-cement samples appear to be 
lower than that of bone-cement interface under tension, the behaviour appears to be similar in shear for both 
cases. The apparent tensile strength obtained in the present study (0.53 MPa) is in the lower range for lab-
prepared bovine [1] and also human cadaveric bone-cement interface (1.28±0.79 MPa) reported by Mann et al. 
[5].  For shear the present result of 5.34 MPa is well within the experimental corridor obtained by Wang et al. 
[1] but higher than the cadaveric result 2.25±1.49 MPa [6], although a range of shear strength such as 4-11 MPa 
from Dohmae et al. [23], 5-7 MPa from Bugbee et al. [24] and 6-15 MPa from Bean et al. [25] have been 
reported in literature. Under the mixed mode loading conditions, the foam-cement showed the same increase in 
strength with the loading angle  (r
2
=0.68), as observed in Wang et al. [1] for the bone-cement interface 
(r
2
=0.77); and the results are in a broad agreement with those of Mann et al. [6]. When shear is the predominant 
component an increase in the interfacial strength for both foam and bone cement interfaces was observed, 
suggesting that shear action may not be very sensitive to foam/bone material properties. Similar findings were 
reported for other two open-cell metallic foams (30ppi AlSi7Mg & 30ppi CuSn12Ni2) used as bone analogous 
models for cemented biomechanical testing [26]. It needs to be pointed out that the apparent model behaviour 
under shear may be greatly affected by the location to which the shear load is applied. The results from the FE 
analysis show that the apparent shear strength can vary significantly if the shear displacements are applied 
differently. In Zhang et al. [21], the shear displacement was applied to the top surface of the bone and the 
resulting shear strength was lower than that under tensile loading.  Nevertheless the mechanical responses from 
the foam-cement interface and the bone-cement interface are in the same order and by large do not deviate 
significantly. 
Under compression, however, the interfacial strength of the foam-cement interface is found much 
lower than that of bone-cement interface (< 1 MPa for foam-cement vs 3.5 – 6 MPa for bone-cement, Fig. 6b). 
This may be attributed to the higher contribution of the foam material on the overall response of the interface, 
where the microstructural deformation within the foam body largely defined the mechanical response of the 
interface sample under compression. Three dimensional volume visualisation of damage evolution in the foam-
cement interface during step-wise compression shows that the foam region sustained almost the deformation, 
and the main damage resulted in progressive damage of struts mainly due to bending and buckling (Fig. 5(I)). 
There is virtually no load transferred to the cement mantle (Fig. 7a).  The apparent behaviour of such composite 
structures is dictated by both the low volume fraction cellular solids (0.16±0.008 for 45ppi AlSi7Mg & 
0.25±0.07 for trabecular bovine bone [20]) and the low strength of the foam as the mechanical responses of the 
foam-cement samples are very close to those of the foam solid itself under the same loading condition.  This is 
in contrast to the damage mechanism for trabecular bone-cement interface [2], where a more effective load 
transfer to the bone-cement interdigitated regime (Fig. 5(II)) was observed. Due to the low volume fraction and 
predominantly rod-like open-cell structure, there is nearly no partially interdigitated area in the foam-cement 
8 
 
model, as opposed to the trabecular bone-cement model. The cement stress in the foam-cement interface is 
therefore only concentrated at the top contact surface, while the load was transferred across the bone-cement 
interface through a larger volume/area. This is consistent with our previous study on bone-cement interface [21], 
in that the interfacial features are more important than the material characteristics in dictating the interfacial 
mechanical behaviour. 
 With exception of compression, the use of metallic foam materials to interface with cement appears to 
have produced similar interfacial responses under tension, and shear loading conditions, as shown in Fig. 4, 
although load transfer seems largely ineffective in the cases of foam-cement interface (Fig. 7). The main 
deformation occurred in the foam part in the foam-cement samples, as opposed to mainly in the interdigitated 
region in bone-cement samples.   
Although the simulated interfacial responses under different loading conditions agreed reasonably with 
the experimental results, the FE model predicted higher initial stiffness of the foam-cement specimen than the 
correspondent experimental values (Fig. 4, 6a).  For compression, this difference might be attributed to the end 
and side artefacts of the experimental model [27, 28], as well as local micro-defects in the material and/or 
micro-damage introduced during sample preparation. Thus the predicted compressive behaviour of the foam-
cement FE model is only slightly higher than the experimental results (Fig. 6a). These results are in a broad 
agreement with the findings reported by Guillen et al. [20] where cylinders made of the same foam (AlSi7Mg, 
45ppi) were tested under compression. In the latter a greater mechanical response was also predicted by the 
micro-FE model, although this was not supported by the apparent mechanical properties measured. Under 
tension and shear, however, the main reason for the differences may be the difficulties in mimicking the actual 
loading and boundary conditions as those in the experiments. As discussed above, the chosen planes to which 
the load was applied in shear can significantly alter the predicted strength. Under tension, the localised 
deformation near the grips cannot be correctly mimicked by the FE model, which might affect the predicted 
tensile stress-displacement response. Under tension and compression the simulated results are similar whilst the 
experimental results differ significantly, suggesting that the FE method was unable to discriminate the effect of 
loading mode.  
Admittedly the results obtained from this study are based on the analysis of a limited number of 
samples using only one open-cell foam material. Nevertheless the results may be of interest in exploring 
analogous materials for biomechanical studies of cement fixation behaviour amongst others.  
5 Conclusions 
Interfacial behaviour of metallic foam-cement interface specimens has been studied under tension, 
mixed mode (including shear) and compression loading conditions using both experimental and finite element 
analysis, and the results were compared with those obtained using bovine trabecular bone-cement interface. The 
foam-cement mechanical performance under tension (0), shear (90) and mixed-mode (22.5; 45; 67.5) 
loading conditions was found to be compatible with those obtained from the bone-cement specimens under the 
same conditions; whilst under compression, the foam-cement interfacial strength was found to be much lower 
than the corresponding bone-cement cases. Image-guided failure analysis showed virtually no load transfer in 
the foam-cement samples, unlike the bone-cement samples where the load transfer occurred mainly in the 
interdigitated contact region.  
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Despite these differences, a similar pattern of microdamage evolution due to struts/trabeculae bending 
and buckling was observed. Although it remains a challenge to find an analogous material that mimics both the 
apparent mechanical properties of trabecular bone and its microarchitecture, the current study might be a step 
towards this direction.  
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FIGURES & CAPTIONS 
 
Fig.1 (a) The foam-cement interface sample used in this study (all dimensions are in mm); (b) a schematic of the 
loading arrangement for tensile (0°), shear (90°) and mixed mode (22.5°, 45°, 67.5°) loading conditions; (c) the 
micromechanical loading stage (LS) used to apply the load in stepped compression. Bone-cement interface 
coupons with the same dimensions, tested under the same loading conditions (b-c), are used for comparison [1, 
2].   
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Fig.2 The finite element model of a (a) foam-cement and (b) bone-cement [21] composite samples generated 
from the µCT images of the specimen. The cement part of the models (blue) was isolated to show the two 
different morphologies of the interdigitated region. The two red planes indicate where the shear cut was applied 
at the interface on the two models (a-b). 
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Fig.3 The apparent interfacial strength of the foam-cement interface (green) as a function of the loading angle. 
The results are compared with those obtained for bone-cement samples (black) tested under the same conditions 
and reported by Wang et al. [1] for tension, shear, mixed-mode and Tozzi et al. [2] for compression. 
 
 
 
Fig.4 The experimental (green) and FE predicted (blue) stress-displacement curves of the foam-cement samples 
obtained under (a) tension and (b) shear loading conditions. Two typical experimental bone-cement responses 
[1] and the apparent stress-displacement predicted (red) by FE subject specific model [21] are used as 
comparison. 
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Fig.5 IGFA analysis of the foam-cement (I) and bone-cement (II) interface samples tested under step-wise 
compression and selected sub-volumes (rectangles), where the progressive microdamage was monitored: (a) 
unloaded; (b) at the ultimate stress; (c) failure state and (d) details of the local damage (mostly trabeculae and 
struts buckling), as indicated by the arrows. The bone-cement case (II) was adopted from Tozzi et al. [2]. 
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Fig.6 Comparison of the stress-displacement curves obtained from the compressive testing of (a) foam-cement 
and (b) bone-cement [2] samples, including the apparent stress-displacement relation predicted form the FE 
models.  
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Fig.7 The local FE predicted stress distribution on the cellular and cement parts of the bone-cement and foam-
cement samples under (a) compression, (b) tension and (c) shear loading conditions. The load transfer between 
bone/foam and cement appears to be more efficient in the bone-cement composite (cellular base material driven) 
under both compression and tension (a, b). Under shear (c) the loading condition seems to have obscured any 
difference in the cellular material properties. 
 
